Glycoside hydrolases (GHs) are categorized as enzymes that catalyze the hydrolysis of the glycosidic bond between two or more carbohydrates or a carbohydrate and a non-carbohydrate moiety. They are classified into various families based on their sequence similarities. Protein folding similarities and conserved amino acid residues may be responsible for the homologous functions of enzymes within each family. At present, the GH classification in the Carbohydrate-Active enZYmes Database (http://www.cazy.org/) lists 118 families, and b -glucosidases are found in families 1, 3, 5, 9, and 30. Those in the GH family 1 (GH1) are enzymes that catalyze the hydrolysis of the b -glycosidic bond at the non-reducing end of their substrates. The GH1 enzymes belong to the GH-A clan and have an (a /b ) 8 barrel super secondary structure. They also have both the catalytic acid/base and the nucleophile consensus sequences. Both consensus sequences contain glutamate residues (Opassiri et al. 2006) . In a recent b -glycosidase mutagenesis study, new enzymes were developed by replacing the nucleophile glutamate residues with different non-electric charge residues of other bglycosidases (Hancock et al. 2005) . These new enzymes were found to show a partial decrease to complete loss of hydrolysis activity and an increase in reverse hydrolysis activity, thereby generating catalysts for the synthesis of new glycosidic linkages. These mutant glycosidases have been termed 'glycosynthases' (Mayer et al. 2000) . Glycosynthases are expected to have considerable potential as tools in the production of pharmaceuticals by enzymatic synthesis. Synthesis of oligosaccharides by glycosynthases is more advantageous than chemical synthesis because of the stereoselectivity of the sugar acceptors. However, the sugar donors for glycosynthases need to be carefully selected to maintain high glycosyltransferase activity (Shaikh and Withers 2008) .
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In a previous study, we were able to detect the activity of acyl-glucose:anthocyanin 5-O-glucosyltransferase (DcAA5GT) in Dianthus caryophyllus and of a homologue in Delphinium grandiflorum (DgAA7GT), and we also isolated the relevant cDNA in each species (Matsuba et al. 2010) . Although DcAA5GT and DgAA7GT have glucosyltransferase activity, they are nevertheless classified as GH1 b -glucosidases. In addition, DcAA5GT and DgAA7GT do not use UDPglucose as a donor. GH1 family covers a wide range of b -glycoside hydrolases with different sugar specificity and thus includes b -glycosidases of different EC numbers, such as b -glucosides (EC 3. 2. 1. 21), bgalactosides (EC 3. 2. 1. 23), b -mannosidases (EC 3. 2.
in turn implies that GH1-related glycosyltransferases might also include enzymes with different sugar donor specificities. In general, b -glycosidases catalyze the hydrolysis of b -glycosidic bonds between a monosaccharide and a carbohydrate. Recently, our previous data showed that the enzymes belonging to bglycosidases catalyze the glycosyl transfer reaction (Matsuba et al. 2010) . GH1 enzymes are retaining b -glycosidases, where the hydrolysis and glycosyl transfer reactions of b -glycosides proceed with a retention of anomeric configuration. The activities of DcAA5GT and DgAA7GT therefore represent the glucosyl transfer activities of GH1 b -glucosidases. To search for proteins homologous to DcAA5GT and DgAA7GT in Arabidopsis, we screened the GenBank/DDBJ database using BLASTN. Candidate genes were also identified using cDNA and amino acid sequences from The Arabidopsis Information Research (TAIR) database. ClustalW was used for protein sequence alignments and phylogenetic analysis was carried out using GENETYX-MAC Ver.14 ( Figure 1 ). BLASTN identified Arabidopsis thaliana b -glucosidase (AtBGLU) 1-47 as candidate homologous genes. The amino acid sequences encoded by AtBGLU1
and AtBGLU11 (At1g02850) formed a cluster with those of DcAA5GT and DgAA7GT in the phylogenetic tree ( Figure 1 ). This suggested that AtBGLU1-11 were strong candidates for being glucosyltransferases similar to DcAA5GT or DgAA7GT. However, an earlier study categorized AtBGLU1, 2, 5, 6 as pseudogenes because of their lack of key catalytic motifs (Xu et al. 2004 ). Both of AA5/7GT and their homologous gene candidates AtBGLU1-11, and other b -glucosidases have key catalytic motifs except for pseudogenes, but their activity is distinguished by glucosyltransferase or glucosylhydrolase. It is considered that the glutamate residues of key catalytic motifs are not important for distinguishing whether their activities are glucosyltransferase or glucosylhydrolase (Matsuba et al. 2010 ). This result implies that the survey of the candidate genes which have glucosyltransferase activity DgAA7GT. The sequences were aligned using the ClustalW program at the DNA Data Bank of Japan (DDBJ), and the phylogenetic tree was generated with the internal neighbor-joining algorithm using default parameters, and viewed using GENETYX-Tree of GENETYX-MAC Ver.14. Barϭ0.1 amino acid substitutions/site. is insufficient only for homology research of their primary sequences.
Therefore, we investigated not only the primary sequences of AA5/7GT homologous genes in Arabidopsis but also performed a co-expression analysis of the Arabidopsis thaliana trans-factor and cis-element prediction database (ATTED-II) using a co-expression gene search algorithm as described by Sugano et al. (2010) . We selected as baits, genes that encode enzymes involved in anthocyanin modification (YonekuraSakakibara 2009), namely At5g17050 (UGT78D2, 3GT) (Kubo et al. 2007 ), At4g14090 (UGT75C1, 5GT) (Thoge et al. 2005) , and At3g29590 (AT5MAT ) (D'Auria et al. 2007 ). The analysis indicated that AtBGLU6 and AtBGLU9 ranked third and 224th, respectively, in the top 300 co-expression genes retrieved in the search. 7, 8, 10 and 11 did not rank in the top 300 (Table 1) . However, AtBGLU6 has been reported to be a pseudogene because it has a stop codon in the AtBGLU6 open reading frame (Xu et al. 2004 ). DcAA5GT has a T. Miyahara et al. 
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Copyright © 2011 The Japanese Society for Plant Cell and Molecular Biology The ATTED-II database was screened using the "Search section" of CoexSearch with the setting 'Coexpression measure: MR' and 'top 300 genes among 22,263 genes'. The table lists the top 30 genes. Genes highlighted in light grey are known to be involved in anthocyanin modification (At5g17050: UGT78D2, 3GT, At4g14090: UGT75C1, 5GT, At3g29590: AT5MAT), those in dark grey are AtBGLUs. different pattern of expression to other carnation genes involved in anthocyanin/flavonoid biosynthesis in the petals (Matsuba et al. 2010) . It is thus possible that in Arabidopsis, expression of some AA5/7GT homologues might involve co-expression and be differently regulated from those of other genes of the anthocyanin/flavonoid biosynthetic pathways.
We used RT-PCR and real-time RT-PCR to investigate the expression patterns and functions of AtBGLU1-11. Sterilized A. thaliana (ecotype Colombia-0) seeds were germinated and grown for up to a month on solid Murashige and Skoog (MS) medium containing 3% (w/v) sucrose, and then the plants were transferred to soil. All plants were grown at 22°C under 16 h light/8 h dark. The following tissues were selected for analysis of AtBGLU1-11 expression: roots, rosette leaves, leaves, flowers and siliques. Anthocyanin synthesis was induced in seedlings germinated on medium containing 6% (w/v) sucrose (Solfanelli et al. 2006) . Seedlings grown on medium containing 1% (w/v) sucrose were used as a control. Osmotic stress was applied by growing seedlings on medium containing both 0.2 M sorbitol and 1% sucrose. All seedlings were harvested 14 days after germination. Total RNA was extracted using an RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). The cDNAs were synthesized and real-time RT-PCR was performed as previously reported (Miyahara et al. 2010 ). RT-PCR was performed using Go Taq Hot Start DNA polymerase (Promega, Tokyo, Japan) with an Applied Biosystems 2720 Thermal Cycler (Life Technologies Japan, Tokyo, Japan). The cDNAs were amplified using the appropriate AtBGLU1-11 primers (Supplemental Table 1 ). The elongation factor 1a (EF-1a ) gene was used as the control for normalizing AtBGLU1-11 expression levels. RT-PCR of AtBGLU1-11 was performed by a preliminary denaturation step at 95°C for 2 min, and then 35 cycles at 95°C for 30 s, 55°C for 30 s and 72°C for 13 s.
Using real-time RT-PCR, we found that expression of AtBGLU4, AtBGLU5 and AtBGLU8 was below the level of detection. AtBGLU1, 6, 7, and 9 showed their highest levels of expression in seedlings grown in the anthocyanin-inducing medium (Table 2) . AtBGLU10 and 11 were highly expressed in plants grown on the 6% sucrose and 0.2 M sorbitol media. AtBGLU2 and 3 showed the highest expression in leaves. All of the AtBGLU genes had low levels of expression in flowers and siliques. The real-time RT-PCR analysis showed that AtBGLU6 and AtBGLU9 had low levels of expression, while AtBGLU1 had a specific increase in anthocyanininducing medium. These results suggest that AtBGLU7 and 9, as well as AtBGLU1 and 6, might possibly be involved in anthocyanin biosynthesis or modification by glucosyltransferase. AtBGLU10 and 11 appear to be involved in stress reactions. Although AtBGLU1 and 6 has been reported to be a pseudogene (Xu et al. 2004 ), expression of AtBGLU6 was induced in anthocyanininducing medium ( Figure 2 ) and rose to the highest rank among other AtBGLUs in the co-expression analysis of genes for enzymes involved in anthocyanin modification cDNAs were synthesized from mRNAs prepared from tissues and seedlings as described in the legend to Figure 1 . The values presented are means (Ϯ SE in parentheses). nϭ3. Expression was below detectable levels in all tissues examined for AtBGLU4, AtBGLU5 and AtBGLU8, in flowers for AtBGLU3, and in stems and siliques for AtBGLU9. Figure 2 . RT-PCR analysis of AtBGLU1-11. The tissues samples are numbered as follows: 1, roots; 2, stems; 3, rosette leaves; 4, leaves; 5, flowers; 6, siliques; 7, seedlings from 1% sucrose medium; 8, seedlings from 6% sucrose medium (anthocyanin-inducing medium); 9, seedlings from 0.2 M sorbitol medium (stress medium). (Table 1 ). In order to confirm whether AtBGLU1 and 6 were pseudogenes, we isolated their complete full length cDNAs and analyzed their sequences; the results showed that AtBGLU1 cDNA had the complete open reading frame, but AtBGLU6 cDNA had a stop codon on the middle of its sequence. Other two reported pseudogenes, AtBGLU2 and 5, were unable to isolate complete full length cDNAs, so that we abandoned further sequence analysis. These results suggest that AtBGLU1 was not a pseudogene and it might be active, and the promoter of AtBGLU6, which had a stop codon in the middle of its open reading frame, was active and some expression of the gene occurred. Possibly, AtBGLU6 has only recently become pseudogenic in character due to a mutation in its open reading frame. A similar scenario might apply to AtBGLU2; expression of AtBGLU2 was detectable in our analysis ( Figure 2, Table 2 ), although they have been described as pseudogenic in a previous report (Xu et al. 2004) .
In order to clarify the functions of the AtBGLU1-11 genes that have homology with DcAA5GT and DgAA7GT, it will be necessary to perform a metabolomics analysis in AtBGLU mutants. We have already initiated a program to develop AtBGLU1-11 knockout mutants by T-DNA insertion and to prepare overexpression transformants.
